Abstract-Navigating in virtual environments requires using some locomotion interfaces, especially when the dimensions of the environment exceed the ones of the Virtual Reality system. Locomotion interfaces induce some biases both in the perception of the self-motion or in the formation of virtual locomotion trajectories. These biases have been mostly evaluated in the context of static environments, and studies need to be revisited in the new context of populated environments where users interact with virtual characters. We focus on a situation of collision avoidance between a real participant and a virtual character, and compared it to previous studies on real walkers. Our results show that, as in reality, the risk of future collision is accurately anticipated by participants, however with delay. We also show that collision avoidance trajectories formed in VR have common properties with real ones, with some quantitative differences in avoidance distances. More generally, our evaluation demonstrates that reliable results can be obtained for qualitative analysis of small scale interactions in VR. We discuss these results in the perspective of a VR platform for large scale interaction applications, such as in a crowd, for which real data are difficult to gather.
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INTRODUCTION
N AVIGATION is a fundamental requirement in many Virtual Reality (VR) applications. A lot of research has been devoted to the design of efficient locomotion techniques to virtually walk in immersive 3D environments. Especially, the level of realism of the locomotion trajectories formed by some locomotion interfaces as well as the accuracy of the perception of the virtual travel was evaluated. Nevertheless, these questions of realism and perception were generally addressed in static 3D environments, empty of any virtual people. Among many possible applications, we aim at using 3D environments populated with virtual characters to study individual locomotion behaviors in crowds. Then, the question of realism and perception using various locomotion techniques needs revisiting in the new context of interactions with virtual characters.
The main purpose of this article is to investigate whether small scale interactions between a real user and a virtual human during locomotion tasks are preserved in VR compared to interactions in real conditions. The long term objective is to extend these results to larger scale interactions, such as in a crowd, for which real human data are difficult to gather. Our objective is a wide one. In this article we focus our study on the situation of collision avoidance between a real human and a virtual character.
A lot of research has been performed in Biomechanics to describe the collision avoidance interaction, which can be used as a reference for evaluation purposes. More specifically, it has been shown that humans accurately perceive others' motion and risk of collision, allowing them to perform anticipated adaptations of their trajectories. As a result, realistic interactions between a real human and a virtual character first require that the relative motion with the virtual character is correctly perceived, and risk of future collision detected. Second, it is required that the employed locomotion interface does not induce biases in the avoidance trajectories.
The contributions of this article are as follows:
1) we experimentally evaluate the ability of a real user to accurately perceive the risk of collision with a moving character. We show that the level of perception is accurate enough to expect realistic interactions 2) we experimentally compare various basic locomotion techniques and show how they influence the virtually formed locomotion trajectories. 3) we provide recommendations for the design of VR platforms to perform human locomotion studies in the context of interactions. The remaining of the article is organized as follows. Section 2 describes related work with respect to the use of VR to study human behavior as well as human interactions during locomotion. Section 3 is the overview of the article and presents the objectives, the approach we proposed as well as the general description of the experiments we conducted. Sections 4 and 5 describe respectively the experiments evaluating the perception of the risk of collision in VR and the user's behavior to avoid a collision with a virtual human. Finally, the results are discussed in Section 6.
RELATED WORK 2.1 VR-Based Human Behavior Studies
VR-based experimental platforms are powerful tools to perform perception-action experiments [24] . They have been used more and more to analyze sport motions [4] , motion control [14] , perceptual control laws [48] , or spatial cognition [26] , [27] . VR is used in such experiments because it allows experimenters to expose a population to fully controlled stimuli, conditions can be accurately repeated from trial to trial, stimuli can be interactive and adapted to participants' responses, factors can generally be isolated and studied independently, virtual reality can be manipulated to this end, etc. In this context, our long term objective is to develop a VR experimental platform to study individual locomotion behaviors in crowds with the aim of developing new crowd simulation algorithms.
Studying human motion in crowds requires large virtual environments, larger than any CAVE. This prevents users from freely walking in the virtual environment and constraints the use of locomotion interfaces. A locomotion interface is made up of two main components, a locomotion metaphor (device) and a transfer function (software). Both components may introduce bias in the generated virtual motion. Several devices can be used as locomotion interfaces [17] such as joysticks, treadmills [40] , the Joyman [34] or the Virtualizer (http://cyberith.com/product/). None of these devices stimulate all of the sensory channels involved in locomotion in a realistic manner. Also, specific techniques were developed to maximize the virtually reachable space, such as "walking-in-place" [39] , [44] or "redirected walking" paradigms [29] , [36] , [41] which trick participants to walk in circles in the real environment while moving straight in the virtual one or the "computer-mediated optic flow" which can modify self motion perception [6] . Locomotion interfaces are not the only sources of bias in experiments. VR platforms are designed to visually reproduce real environments, but displays affect the available information. For example, there are differences in perceived velocity [2] , walking speed is decreased [14] , personal space size is modified [16] and walking in VR is performed with increased instability [18] .
All these studies stress the need for validating VR tools before using VR for capturing and analyzing human motion data. Several studies evaluated the influence of VR on human perception and behavior. From a perceptual and cognitive point of view, authors reported for example a distance compression in VR [23] , [37] , [50] but this effect is reduced after five minutes of continuous visual feedback [28] . Authors also used presence and cybersickness questionnaires [39] , [43] , [49] , [51] in order to gather more subjective data from the users. From a locomotor behavioral point of view, researchers proposed several metrics to evaluate the trajectories generated in VR. An interesting and objective approach for such an evaluation is to compare trajectories performed under various VR conditions (locomotion interfaces, control laws, viewing conditions...) with trajectories performed in the real world. Studies on novel locomotion interfaces evaluate virtual trajectories using performance criteria [40] , [51] (i.e., task completion time, traveled distance, walking speed, steps characteristics...) or empirical observations of the trajectory [51] . Ruddle et al. [38] also showed that speed profile is an important clue to evaluate user proficiency in the task. Fink et al. [14] used a different set of metrics, namely the mean radius of curvature along the full path, the maximum euclidean distance from a straight line between the origin and the target, and the minimum euclidean distance between the path and the obstacles of the virtual environment. Whitton et al. [49] used Principal Component Analysis to study a set of VR trajectories, and found that for their specific constrained task velocity profiles were mostly defined by the maximum velocity, the percent of time to reach the maximum velocity, and the maximum deceleration. Cirio et al. [10] evaluated the realism of unconstrained goal directed trajectories performed in VR using both geometrical and temporal evaluation criteria (collisions, duration, tangential and angular velocity profile, shape...). Using these comparison metrics, we are able to chose the conditions of the VR platform that maximize the realism of the trajectory performed [10] . Fink et al. [14] concluded that despite the differences between virtual and real environment, the data gathered with a VR platform can still be useful when carefully considered.
There were a lot of studies concerning locomotion in VR [42] as well as concerning the evaluation of walking trajectories in VR. However, few of them took interest in the locomotion trajectories performed during interactions with a virtual human. Some studies have explored the influence of the nature of a static obstacle (human/box, real/virtual) in the interacting locomotion trajectory [1] or in an other task have investigated the avoidance of moving obstacle in a bicycling task in VR [8] . Our study focuses on the collision avoidance task between a real user and a virtual human. Our approach follows similar principles to previous evaluations of locomotion interfaces [10] , [38] . Major differences are that we consider the perception of some virtual character's motion, and the bias induced by locomotion interfaces on adaptations (and not formation) of locomotion trajectories.
Human Interactions During Locomotion
Human interactions during locomotion have been analyzed considering several kinds of situations such as following behaviour [22] , side-by-side [33] or face-to-face walking [12] with another walker, group formation [20] , or collision avoidance. The latter situation received a lot of attention. Authors studied the nature of information taken by a walker to predict if there will be a collision and when it will occur [11] , the adaptations a walker performs to step over [32] or circumvent [45] a static obstacle, or described the interactions between walkers and their environment as coupled dynamical systems [13] , [47] where heading is adapted according to the distance and the angle to stationary goals and obstacles.
Other works focused on the avoidance of passive moving obstacles. To avoid a moving mannequin on a 45 collision path, human walkers adapt their motion both in the anteroposterior and medio-lateral planes [15] to preserve their personal space, defined as an elliptic subjective area around the walker. When a participant and a mannequin are walking face-to-face, a 2-step avoidance strategy is observed: first, a change in heading and second, an adjustment of walking speed [9] with adaptations always initiated at a constant distance from the obstacle.
When the passive obstacle is a confederate human on a 90 collision path in a quite small area, a walker favors speed changes even if it is not an optimal solution [3] . Using a larger area, authors demonstrated that the walker's adaptations depend on crossing angle (from acute to obtus angles) and walking speed conditions (slow, comfortable and fast speeds) [19] : path is always adapted; speed is adapted only for acute angles and its adaptations depend on the walking speed conditions. Finally, few authors took interest in the more complex case of collision avoidance between two walkers. For face-to-face interactions, authors showed that gender and height influence the collision avoidance strategies [46] . For 90 crossings, walkers accurately estimate the future risk of collision since they react only when required and they solve the collision avoidance task with anticipation [31] . Moreover, these adaptations are performed collaboratively but they are roledependent [30] . Indeed, the crossing order impacts both the contribution and the strategies used: the participant giving way contributes more than the one passing first to avoid the collision. Both walkers reorient their path but the participant giving way also adapts his speed. These latter two studies [30] , [31] proposed a detailed metric to quantify interaction between two walkers in a collision avoidance task.
In this article, our intention is not to extend knowledge on human interactions during locomotion. However, we want to benefit from the last studies on collision avoidance between two walkers. We aim at studying similar situations in the context of interaction between a real human and a virtual character. We further describe the method and result presented in [30] , [31] in Section 3.2. We propose to use these results as a baseline to evaluate the interactions performed in VR conditions. Fig. 2 displays a VR interaction loop between a real user and a virtual character and its main technical components. The purpose of this study is to investigate whether small scale interactions between a real user and a virtual human during a locomotor task are preserved in VR. Our question is "Do users avoid collision with the virtual character by performing the same adaptations to their motion than what they would have done in real conditions?".
OVERVIEW
Objectives
Approach
Real interactions between two walkers were studied in [30] , [31] . Results show that humans adapt their trajectories when, and only when, a risk of future collision is detected. This future risk of collision is estimated by computing the future distance of closest approach, assuming that walkers keep constant velocity (speed and direction). Adaptations are performed to cancel risk of collision and pass at respectful distance from others. What about interactions between real and virtual walkers? We evaluate the VR interaction loop (Fig. 2 ) by comparing interactions performed by a real participant interacting with a virtual walker with ones performed by 2 real walkers. We propose a 2-step experiments. Experiment 1 (Section 4) is a perception study: the participant is passively moved in the VR environment where a virtual character is also moving. The participant is asked about risk of collision with the virtual character. This step ensures that the visual feedback provided to users enable them to correctly perceive risk of future collision as in real conditions. Experiment 2 (Section 5) considers various locomotion interfaces and their influence on the metrics of interaction.
To enable comparisons, we consider a situation of interaction (relative motion and position) close to the one studied in [30] , [31] , which focused on collision avoidance task during 90 crossings between two walkers in a large area (15 m Â 15 m). They set occluding walls (2 m high by 3 m long) in the area so that walkers cannot see each other before reaching their natural speeds. Our comparison criteria are based on the mpd function analysis (mpd means minimum predicted distance) introduced in [31] . mpd is a continuous function of time which computes the future distance of closest approach between two walkers based on their current position, orientation and speed. Extrapolation of future positions assumes that walkers keep walking at the same orientation and speed. mpd function is analyzed over the interaction period of time, which ranges from the time walkers are able to see each other to the time they reach the closest distance. mpd is constant in time when walkers do not perform adaptations of their respective trajectories (i.e., changes in speed or orientation resulting in variations of mpd). mpd thus reveals the effect of adaptations on the future crossing distance as well as the temporal structure of collision avoidance. It was shown that the reaction period takes place when mpd increases due to walkers' adaptations [31] . It is preceded by an observation period (mpd is constant but low), and followed by a regulation period (mpd is constant but high enough for collision avoidance).
In our article, we use a signed version of the mpd, where the sign is determined according to the order of passage at the crossing point: negative mpd means that the user gives way, whereas positive values means that the user passes first.
We formulate 2 hypotheses based on the expectation that collision avoidance behaviors in VR match the properties of real ones:
Hypothesis #1: user accurately estimates the collision risk with the virtual character. In real interactions, adaptations (mpd variations) are observed if, and only if, a risk of future collision exists (mpd value is low at the beginning of interactions, < 1 m). We check the perception of collision risk in Experiment 1, we also analyze the evolutions of mpd in Experiment 2. Hypothesis #2: users anticipate collision. In real interactions, having a regulation period (mpd constant with high enough value) before walkers reach the closest distance demonstrates that avoidance maneuvers are performed with anticipation. We expect to observe the same temporal structure of mpd evolutions: over the average duration of interactions (normalized time), the observation period is between 0 and 10 percent, reaction period is from 10 to 80 percent and the regulation period follows from 80 to 100 percent.
Experiments Overview
Our experiment is decomposed in two steps, namely Experiment 1 and Experiment 2. They shared common elements described below.
Apparatus. Experiments took place in a 4-screen CAVE illustrated in Fig. 1 , equipped with 13 projectors, 15MPixels resolution in total, 9 m wide, 3 m high and 3 m deep. 3D environment display and character animation are designed in the Unity game engine. Multi-surface rendering is performed by the MiddleVR plugin. Active stereoscopy is achieved with Volfony ActiveEyes Pro Radiofrequency wearable glasses. Glasses are tracked by an ART tracking system. The virtual environment has the same properties (i.e., size, occluding walls) as the one used in Olivier et al. studies [30] , [31] .
Task. Participants were immersed in an environment where a character is walking. They performed a collision avoidance task in the same conditions as presented in [30] , [31] and illustrated in Fig. 3 . Participants avoided a virtual character walking along a trajectory perpendicular to their own trajectory. We set walls in the environment to control the moment at which participants can perceive the virtual character. Before the saw it, the motion was initiated and participants reach a comfortable regular speed. In Experiment 1, participants were passively moving in the virtual environment. In Experiment 2 participants were asked to reach a green target by using various locomotion interfaces. Collision avoidance with the white character was part of this task. This virtual character did not react to the participants. The character has no expression (no face, no texture) and was animated based on a neutral motion captured locomotion cycle. The comfortable regular speed for the virtual character as well as for the initial motion of the participant was set to 1:4 m:s À1 according to the study of Bohannon [5] on normative walking speed data. For each experiment, questions about the task were asked to participants using slides with images and text.
Conditions. For both experiments, we controlled the initial value of the mpd function by shifting the character's starting position (Fig. 3) . We studied the following mpd initial values: À1:2 m, À0:8 m, À0:3 m, À0:1 m, 0:1 m, 0:3 m, 0:8 m and 1:2 m. In Fig. 3 , the virtual human starting position is shifted to the left with a positive mpd and to the right with a negative mpd inducing respectively a delay or an advance over the initial user trajectory. For mpd ¼ fÀ1:2; À0:8; 0:8; 1:2g m there is no risk of collision (the virtual character passes first for negative values). When mpd ¼ fÀ0:3; À0:1; 0:1; 0:3g m, initial trajectories lead to a collision and participant reaction is required. We did not study values around 0:5 m, for which The virtual human has several starting positions corresponding to different value of mpd giving the virtual human some advance or delay over the user. Positions of both the user and the virtual human are represented for different times: when they can see each other t see and then t 0:5 ; t 1 and t 2 which are respectively 0:5s, 1s and 2s after t see (if there is no adaptation from the user). A dotted line joins the positions of the character and of the participant at those times for mpd ¼ 0.
there is contact with little penetration: there is an ambiguity between contact and collision for this distance and we wanted to avoid misinterpretations by participants. A trial corresponds to one crossing. There were 4 repetitions for each experimental condition (mpd conditions combined with the specific ones of each experiment). We had as many trials with the character coming from the left as from the right, but the situation is considered the same. Conditions were presented in a randomized order.
Population 15 people (4 women, 11 men) volunteered for the 2-step experiment. They were 27.2 (AE7:6) years old (range: 20 to 52). They were naive with respect to the purpose of the experiment. All had normal or corrected-to-normal vision. They gave written and informed consent and the study conformed to the declaration of Helsinki. We performed the perceptual experiment illustrated in Fig. 3 . Participants passively moved in a VR environment along a straight trajectory. A moving character is walking along an orthogonal trajectory. We can accurately control the future distance of closest approach (e.g., mpd) of the character by delaying or advancing the character on its trajectory at initialization. Doing so, we could set the character on a collision course or not with the user, and control the intensity of this risk in terms of interpenetration volume. The smaller the absolute value of mpd, the higher the risk of collision.
In this experiment, the participants were only able to perceive the beginning of the virtual character motion. From the time they can see the character (after they are no longer hidden from each other by the wall), we considered 3 cutoff times: 0:5 s, 1 s and 2 s. After the cutoff time, visual information was stopped by displaying a black screen. Thus participants had a limited time to assess the situation. To verify if the collision risk was correctly perceived, the participants were then asked about it: "Will you collide with the virtual character?" "Will you pass first or give way?". For each of these questions, they had to rate their level of confidence on a 7 point Likert scale (1: not at all confident to 7: very confident). They were trained to the task 6 times before recording their answers.
Note that cutoff times were chosen based on a real experiment which showed that adaptations may start 0:5 s after the beginning of interactions (i.e., when participants are able to see each other) [31] . A total of 192 stimuli were displayed to each participant: 3 cutoff times, 8 mpd values, 2 sides (from left or right) and 2 repetitions. The experiment lasted around one hour.
Analysis
We computed the accuracy of predicting the collision and the order of passage at the crossing for each condition (see Fig. 4 ). We also computed the chance level threshold (expected accuracy with random answers) as follows:
For this experiment the chance level threshold was between 37.5 and 62.5 percent. We performed analysis of variance (ANOVA) with repeated measures on the following factors: mpd and cutoff time. Greenhouse-Geisser adjustments to the degrees of freedom were applied, when appropriate, to avoid any violation of the sphericity assumption. The effect size was computed using partial eta squared (h 2 p ). When appropriate, Bonferroni post-hoc tests were used to further analyse significant effects. On average participants correctly estimated the condition of interaction with the virtual human, i.e., the risk of collision as well as the crossing order. We should however nuance this statement. The order was early identified: there was no effect of cutoff time, which means that even for a short cutoff time (0.5 s), participants were accurate to predict the future crossing order. The level of confidence was correlated with answers accuracy, both for order and risk of collision. Participants were conscious about their level of accuracy which is an important point. Indeed, their reaction will probably be delayed if they do not perceive the situation in a clear enough way, just as in reality.
Results and Discussion
Collision accuracy was above the chance level for all conditions only for the 2 s cutoff time (except for the condition
which results into passing in front or behind). Estimating order may be simpler than estimating the risk of collision. Nevertheless, correctly estimating order is more important, as order determines which kind of adaptation improves the situation. For example to lower the risk of collision using a speed adaptation, a walker needs to decelerate when giving way and accelerate when passing first. Finally, collision accuracy was low (i.e., below the chance level) for mpd ¼ 0:1 m with 0.5 s cuttoff time and for 0:3 m with 0.5 s and 1s cuttoff times, collision accuracy was within the chance level for -0.8 m, and order accuracy was low for mpd ¼ À0:1 m.
We interpret these observations as a shift in space made by the participant due to a gap in the perception of their envelope in the virtual world, as if they feel like they are ahead of their actual virtual position. Indeed, when the character is passing first with no risk of collision but close to participants (mpd ¼ À0:8 m), many participants' answers estimate that a collision will occur. At the opposite when the character passes behind the participants with a collision with small interpenetration, many participants' answers estimate that no collision will occur (mpd ¼ 0:3 m). This interpretation is corroborated by feedback in questionnaires, several participants indicated that "I hardly situated myself in the virtual environment", or that "I hardly estimated the occupied volume" which "made the question about collision harder." As a conclusion, Hypothesis #1 is validated since on average participants correctly perceive the situation of interaction with the virtual character but there were two limitations: information about collision is maybe delayed in comparison with reality, and the position in the virtual environment is perceived with an offset.
EXPERIMENT 2: COLLISION AVOIDANCE
WITH A VIRTUAL HUMAN
Methods
Locomotion Interfaces
In Experiment 2, we considered the same situation of interaction with a virtual character, but let participants react to the situation: they can adapt their own motion to avoid collision with the character when they deemed it necessary using a locomotion interface. We evaluated if the performed adaptations were similar to real ones. The objective was to evaluate the capacity of a given locomotion interface to induce natural behaviors. Our objective was not to perform an exhaustive comparison of existing interfaces. Nevertheless, we evaluated 6 locomotion interfaces that use either a joystick or wholebody locomotion metaphors. First, we chose to evaluate joystick interfaces because they are commonly used and they were proved to generate realistic virtual locomotion trajectories in comparison with real ones [10] . We also considered various transfer functions (TFs). Note that in contrast with Cirio et al., we focused on interactions with a virtual character and we wondered whether this joystick-based interface will induce natural adaptations of trajectories. We proposed evaluating the 4 following TF, illustrated in Fig. 6 left: 
where x corresponds to the longitudinal axis of the joystick, and y the lateral one (x; y 2 ½À1; 1). S (Side motion) in contrast with R TF, orientation is fixed, and the lateral axis controls the lateral speed s l of motion ðs; s l Þ virt ¼ ð1:4; 1Þ:ðx; yÞ joy:
A+R (Automatic forward + Rotation) and A+S (Automatic forward + Side motion) TFs combine R and S TF with an automatic forward motion set at 1:4 m:s À1 . This means that users perform actions on the joystick only to make adaptations to their trajectories while they are automatically moved toward their goal A þ R : ðs; _ uÞ virt ¼ ð0:6; 25Þ:ðx; yÞ joy þ ð1:4; 0Þ
A þ S : ðs t ; s l Þ virt ¼ ð0:6; 1Þ:ðx; yÞ joy þ ð1:4; 0Þ:
We have chosen these 4 TF for the following reasons: R and S TFs are two different ways of controlling trajectory orientation. By adding the automatic motion A+, we compare two different ways of controlling speed. Note that for A+ TFs, the participants act on the joystick only when they need to perform adaptations (when the joystick is released, motion is directed toward the goal, at comfortable speed). The joystick axis gains (0:6; 1 m:s À1 ; 25deg:s À1 ) for each TF were carefully chosen. In real avoidance, adaptations are bounded. The gains we chose are high enough to allow participants to reach those bounds, while they are as low as possible to allow participants to accurately control their motion and avoid jerky adaptations that provoke cybersickness.
Second, we also focused on other interfaces which require physical motions that involving the whole body. Indeed, joystick only requires hand movements that may not be representative of human dynamics. We evaluated two metaphors illustrated on Fig. 6 right. The first one is the human position metaphor (HP) and is based on an automatic forward motion combined with offset translations ðx; yÞ virtual ¼ ð1:4t; 0Þ þ ðx; yÞ real; (6) Fig. 6 . Left: A participant interacting with a virtual character using a joystick-based interface. We considered 4 transfer functions which general principle and resulting locomotion traces relatively to the virtual character motion are illustrated. Right: A participant interacting with a virtual character using whole-body locomotion metaphors (HP and HS) and the associated traces of the resulting locomotion trajectories relative to the virtual character motion.
where t is the time and ðx; yÞ real the participant position (offset from rest position, marked on the floor by a brown circle as displayed in the companion video). The second metaphor is named the human-stick metaphor (HS). Participants virtually move by leaning in the desired direction of motion.
ðs; s l Þ ¼ ðk x ; k y Þ:ðx; yÞ head; (7) where s is the longitudinal virtual speed, s l the lateral one, and ðx; yÞ head the position of the head (offset from rest position). k x and k y are gains: they are calibrated for each participant during training so that they feel comfortable with the technique. Note that during the training, no feedback was given to users.
Procedure
Each of the 6 locomotion interfaces (Joystick with Transfer Functions R, S, A+R, A+S and whole-body metaphors HS, HP) were each studied successively, but to avoid ordering effects, we used a latin square design to randomize the sequence of interfaces. Before experimenting each interface, participants could train as much time as they wanted in a dedicated environment (large room with traffic cones on the floor), then they trained on the avoidance task 6 times. For each locomotion interface participants performed 32 collision avoidance trials presented in a randomized order: 8 conditions of mpd, 2 sides and 2 repetitions. In total, 192 trials were performed (% 1 h15 min). At the end of the experiment, participants filled a subjective questionnaire about each of the tested locomotion interfaces. The questionnaire measured the learning, usability, efficacy and satisfaction of interfaces through an adaptation of the USE questionnaire [25] , which included the statements presented below. Users answered using a 7-point Likert scale from 1 (strongly disagree) to 7 (strongly agree).
Learning: -It was easy to learn to use this interface -It was easy to remember how to use this interface Usability: -It was easy to use this interface -The motion resulting from this interface was intuitive Efficacy: -This interface allows you to perform the task successfully -The motion resulting from this interface was in accordance to the one you wanted to perform Satisfaction: -You were satisfied to use this interface to perform the task -This interface was pleasant to use
Analysis
For each trial, we recorded participants' trajectories. We computed the number of collisions with the virtual walker per participant. We computed for each trial the mpd as defined in Olivier et al. studies [30] , [31] . We focused our analysis on the normalized interaction phase, between tsee (0%), the first instant the user can see the virtual human, and tcross (100%), the instant when the distance between the user and the virtual human is minimal. We studied mpd only on trials for which the initial experimental conditions were respected (mpd(tsee) þm20 cm). We computed the derivative of mpd on the normalized time and analysed its changes of sign to identify the main phases (no change, increase or decrease of the mpd value) in mpd time evolution with respect to the locomotion interface.
Statistics were performed using Statistica Software. All effects were reported at p < 0:05. Normality was assessed using a Kolomogorov Smirnov test. We performed analysis of variance with repeated measures on the locomotion interface factors. The dependent variables were the number of collisions and minimum distance between the user and the virtual human, i.e., mpd(tcross). Greenhouse-Geisser adjustments to the degrees of freedom were applied, when appropriate, to avoid any violation of the sphericity assumption. The effect size was computed using partial eta squared (h 2 p ). When appropriate, Bonferroni post-hoc tests were used to further analyse significant effects.
To compare initial and final values of mpd during the interaction we used paired t-test for each initial experimental value of mpd (grouped by absolute value) and each locomotion interface. We also compared for each locomotion interface the general results of mpd at tcross (all initial experimental conditions of mpd gathered) with the ones obtained in [31] using independant t-test. We also compared for each locomotion interface the values of mpd for several instants representing the change of sign of mpd time derivative using a Wilcoxon signed rank test. Finally we analyzed the influence of the locomotion interface on the answers to the questionnaire using a Friedman test with a post hoc Wilcoxon signed rank test for each item.
Results and Discussion
Resulting trajectories relative to the virtual character motion are displayed in Fig. 6 for each of the locomotion interfaces of the experiment. The number of collision avoidance failures, i.e., trials where there was a collision, is illustrated in Fig. 7 . There was an effect of the locomotion interface on the total number of collisions per participant (F ð2:1; 29:3Þ ¼ 16:5; p < 0:0001; h 2 p ¼ 0:54). Bonferroni post-hoc tests showed that there were more collisions with the HP interface compared to the other ones (p < 0:05), which makes it a bad candidate to match human behavior. This combination between real walking (to create offset position) and automatic virtual walking probably made the estimation of the self-position and the relative motion of the character too complex.
For each locomotion interface, average mpd evolution during the interaction phase is displayed in Fig. 8a . First, we analyzed if there were differences in mpd values between the first instant of the interaction 0% (tsee) and the last instant 100% (tcross). Results of the paired t-tests are reported in Fig. 8b . Results showed, for each initial experimental condition of mpd (gathered by absolute value of mpd(tsee): 0.1, 0.3, 0.8 and 1.2m) and for each locomotion interface, that mpd(tcross) was higher than mpd(tsee). This means that users adapted their trajectories to avoid a collision with the virtual human in order to provide them with sufficient space at the crossing: the adaptations of the users' trajectories were then efficient to perform collision avoidance, which validates Hypothesis #1.
Moreover, in real conditions, it was shown that walkers performed an adaptation of their trajectory to increase mpd only when mpd(tsee) was below 1m [31] . In our experiments, we also observed an adaptation for a 1.2m initial mpd value. Second, results showed that the crossing distance is influenced by the locomotion interface (F ð2:6; 36:2Þ ¼ 6:21; p < 0:005; h 2 p ¼ 0:3). Bonferroni posthoc tests showed that mpd(tcross) value was lower for HP interface compared to the other ones (p < 0:05). Finally, multiple t-test comparisons between the crossing distance reported in real conditions (mpd(tcross) = 0.84 m 0.19 m) [31] and the crossing distance obtained for each virtual locomotion interface showed a significant difference where mpd(tcross) is higher for all of the virtual conditions in comparison with the real ones (p < 0:001). In conclusion, we show that, in comparison with reality, users adapt their locomotion for lower risk of future collision (absence of adaptation would lead to a collision free motion), and that they perform larger adaptations which result into larger passage distance in VR. We interpret that this difference in the adaptation threshold could be a consequence of the compression of distance perception in VR.
For each locomotion interface, average time derivative of mpd during the interaction phase is displayed in Fig. 9a . For each curve, we identified all the instants corresponding to a change of sign of mpd time derivative and we computed the corresponding mpd values. Then, we applied Wilcoxon signed rank tests to compare the mpd values which encompass these changes of sign to characterize the evolution of mpd (no change, increase, decrease). Results of these tests are reported on Fig. 9b . Results from the collision avoidance between two real walkers [31] are reported on the top of Results for real conditions are reported from [31] . Fig. 9b for comparison purpose. The first main result is that for all locomotion interfaces, we can observe that collision avoidance task is solved by anticipation. Indeed, mpd increase (in red on the figure) is over before the crossing. As in real conditions, mpd is even slightly decreased (in blue) but maintained to a comfortable value. This validates Hypothesis #2. When considering the whole duration of interaction, results showed that collision avoidance was strictly temporally structured as in real conditions (observation (green), reaction (red), regulation (blue)) only for the Joystick with A+R TF and the HS interface.
The analysis of questionnaires, illustrated in Fig. 10 , did not show any effect of the locomotion interface on the efficacy item (x 2 ð5Þ ¼ 9:68; p ¼ 0:085), even if the HP interface led to higher collisions with the virtual human. However, the locomotion interface significantly influenced the users' answers on the learning (x 2 ð5Þ ¼ 15; 97; p ¼ 0:0069), usability (x 2 ð5Þ ¼ 21:65; p ¼ 0:00061) and satisfaction (x 2 ð5Þ ¼ 16:12; p ¼ 0:0065) items. Post hoc analyses showed that participants preferred the A+S TF compared to HP and the HS ones (p < 0:01) for learning. Users found that HS interface was lower in term of usability than the 4 joystick TFs (p < 0:05). Finally, users were less satisfied with the HS interface than with the joystick associated with A+R and A+S TFs and with the HP interface (p < 0:05). From this analysis, it appears the HS locomotion interface was less appreciated than the other ones. We believe that the main reason is that it requires more physical effort than the joystick and the HP interface(freely reported by 5 participants: "the HS was tiring").
GENERAL DISCUSSION
Can Virtual Reality be used to study the kinematics of locomotion interactions, such as collision avoidance? We should remind that VR offers a unique opportunity to deeply understand local interactions between humans during locomotion. Such interactions are difficult to study in real conditions, because interactions depend on relative kinematics parameters (relative distance, motion, speed or angle), which cannot be easily controlled and repeated over trials. Nevertheless, understanding how humans respond in those situations of interactions is crucial to design crowd simulators: microscopic approaches are based on models of local interactions between people. The crowd simulation application field is large, ranging from architecture design to the entertainment industry. Because we are able to accurately control a virtual character motion, and because we can also control it with respect to the participant motion, VR facilitates the full control of some complex situations of interaction between humans, with the ability to accurately repeat them over several subjects. An example of such a study is presented in [7] . There is no easy way to control the relative motions of subjects in real experimental conditions. The question is the validity of experimental data acquired using VR.
We proposed two experiments to address the question of usability of VR to perform acquisition of kinematics data on interactions, in which we considered the trajectory formed by participants immersed in situations of local interactions with a virtual character. We studied the locomotion trajectories formed by the participants using various locomotion interfaces. We compared some characteristics of these trajectories with real ones.
Our study is decomposed in 2 steps. In a first step, we evaluated the user's perception of the collision risk with a moving virtual character. We showed that the risk of collision is mostly perceived with a high level accuracy when participants have enough time to evaluate the situation. There were two exceptions, when mpd equals À0:8 m and 0:3 m. These values corresponds to situation where the future distance of approach is close to distance of contact: this is not surprising to find some false answers around this value. However, wrong answers were not symmetric with the passage order. When the character passed behind (mpd ¼ À0:8 m), participants provided false positive answer (erroneous estimation of a risk of collision). At the opposite, when the character passed in front (mpd ¼ 0:3 m), participants provided false negative answers (erroneous estimation of absence of risk of collision). Our interpretation is that participants estimate their own position in the virtual space with a forward shift: they estimate to be about tens centimeter ahead their actual position.
In a second step, we compared collision avoidance metrics with the ones observed in real conditions by considering a joystick with various control laws or body-based locomotion interfaces. All the studied locomotion interfaces led to qualitatively realistic trajectories, with some quantitative differences in comparison with real avoidance behaviors. In particular, participants estimated their position with roughly ten centimeters shift, they slightly over-adapted their trajectories (i.e., they increased clearance). Those differences may result from mistakes in distance perception in VR [21] , [23] , [35] .
Our results show that VR is a relevant tool to acquire kinematics data. Indeed, our most important conclusion is that, in the situation we studied, users had a similar behaviors between real conditions or virtual ones. This means that they performed the same successive phases during avoidance (observation, anticipated avoidance maneuvers, regulation of the crossing distance), they respected the initial order of passage at the crossing point as expected, etc. These results which highlight strong similarities between avoidance behaviors in real and virtual conditions can be linked to the results of Cirio et al. [10] who observed that users control the same way their trajectory in virtual environments than in real environments to achieve goal-oriented locomotion tasks. We thus recommend corroborating VR measurements with real empirical data if quantitative analysis is required. A quantitative analysis to compare real and virtual conditions of interactions has been presented in [1] : this study also shows that users adapt their trajectory differently when avoiding a virtual object or a virtual character, just as they do in real conditions.
More precisely, we showed that the joystick device combined with A+R TF matches best with human behavior observed in real conditions, which makes it a good candidate for natural walking and interaction with other people. Some limitations of the tested interfaces can nonetheless be identified. The interfaces that include an automatic motion component (A+R, A+S, HP) constrained adaptations around the "ideal speed" which is automatically followed. Note that R and A+R TFs are the only ones that enable participants to freely navigate in the entire environment (orientation is constant with the two other techniques). R and S TFs for joystick-based techniques are also limited, because speed adaptations by accelerating could not be performed, users pushed the joystick fully ahead from the beginning. HS metaphor does not have such limitations, but users disliked it, and it resulted in the most important quantitative differences with real situations.
As a second conclusion, we are able to provide VR platform designers with guidelines to choose the most adequate locomotion interface. Generally speaking, this article provides a full method to evaluate how realistically users can behave in interactions during locomotion tasks. Among the interfaces we tested, we can recommend some depending on the type of locomotion task experimenters want to study. For simple locomotion task (e.g., go ahead) with limited adaptations, joystick with A+R TF is the best option. For more complex tasks and adaptations, joystick with R TF is recommended.
CONCLUSION
In this article, we study and discuss the use of Virtual Reality to observe humans during locomotion and interaction tasks. Our results show that Virtual Reality offers opportunities for qualitative analysis of such human behaviors and opens several perspectives. First, we had to restrict the number of studied interfaces for experimental reasons. We considered the most commonly used ones, especially the joystick. This is few in comparison with the numerous existing ones (for example, omnidirectional treadmills would be relevant). We also focused on a few transfer functions associated with the joystick device and additional work should be relevant for a better understanding of what aspect of the function relates to how humans move.
Second, we did not consider head-mounted displays which are interesting since they allow participants to walk in a large environment. However, they suffer from limited peripheral vision (used to detect future risks of collision) or low resolution displays. Moreover they need very accurate tracking of orientations, and can provoke cybersickness. The use of a CAVE was then suitable for this first validation of the platform, and future investigation is required for HMD interfaces.
Third, we studied interactions with a passive character. The reason was that we wanted to expose all the users to exactly the same situations. This is a key aspect to standardize the experimental conditions. Moreover, if a reactive character is wanted, the question of the algorithm to steer the character's motion and of its level of realism is a difficult one. We could have used a moving cylinder to make it more obvious that only the user would perform the collision avoidance task. However, users were informed about the passiveness of the virtual walker and they should not expect cooperation which should reduce the bias induced by such a virtual obstacle. Moreover, participants started adapting their trajectories once the collision risk was detected, before any adaptation from the virtual character can be expected. Thus only the final part of the interaction would be impacted. Indeed, the quantity of adaptations is undoubtedly higher with a passive character because only the participants perform trajectory adaptations.
There is still a lot of investigation to perform, not only about the whole trajectory, but also about the cues conveyed by head and shoulder orientations, eye contact, etc. It is probably important and relevant to animate characters so that they accurately display those clues, probably more than questions about character responsiveness and ability to adapt his locomotion trajectory.
More generally, human behaviors in crowds are poorly understood now. Crowd behaviors studies in real conditions are extremely complex to perform. We believe that VR provides a unique opportunity to study individual behaviors in crowds and could provide a deep understanding of the process by which human control their motion in such a context. Following this research path, we may expect large progress for microscopic crowd simulation algorithm in terms of realism, as well as extension of their application field.
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